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Lixia Yan,a Zhaopeng Chen,*b Zhiyang Zhang,bc Chengli Qu,b Lingxin Chenb
and Dazhong Shen*aA ﬂuorescence assay for the highly sensitive and selective detection
of Hg2+ using a gold nanoparticle (AuNP)-based probewas proposed.
The assay was based on the formation of Hg–Au alloys, which
accelerated the oxidization of o-phenylenediamine by dissolved
oxygen to produce 2,3-diaminophenazine, a ﬂuorescent product.As a bioaccumulative and highly toxic heavy metal, mercury
causes serious human health problems even at very low
concentration.1 The solvated divalent mercuric ion (Hg2+) is one
of the most common and stable forms of mercury pollution due
to its high water solubility. The development of highly sensitive
and selective methods for the determination of Hg2+ is therefore
of signicant importance for the environment and human
health and is the subject of current analytical chemical
research. To realize this goal, besides atomic absorption/emis-
sion spectroscopy,2 selective cold vapor atomic uorescence
spectrometry,3 and inductively coupled plasma mass spec-
trometry (ICP-MS),4 a number of highly sensitive and selective
Hg2+ sensors using organic chromophores,5 conjugated poly-
mers,6 proteins,7 oligonucleotides,8 DNAzymes,9 antibodies,10
quantum dots11 and metal nanoparticles12 have also been
developed for uorescent, colorimetric, and electrochemical
detection of Hg2+ in aqueous solution. Although these methods
have achieved high sensitivity toward the determination of
Hg2+, each of these approaches has its own drawbacks that limit
practical use, such as the poor aqueous solubility of someals Probes of the Ministry of Education of
neering and Materials Science, Shandong
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ESI) available: Experimental details and
3uorophores, cross-sensitivity toward other metal ions, and the
sophisticated synthesis of probe materials. Therefore, it is
desirable to develop new methods to overcome these
limitations.
Catalytic kinetic methods for photometric or uorometric
determination of heavy metal ions have been proved to be more
sensitive compared with many other methods.13 Unfortunately,
there is almost no appropriate catalytic reaction that could be
applied to detect Hg2+ except for catalytic ligand substitution
reaction,14which suﬀers from high detection limit. To overcome
this drawback, recently, Long et al.15 andWang et al.16 described
a colorimetric and a uorescent probe for determination of
Hg2+, respectively. The detection limit was remarkably reduced
to 0.3 and 4.0 nM, respectively. The strategy is based on the
formation of Hg–Au alloys, a peroxidase-like nanomaterial,
which catalyzed the reaction between substrate and H2O2.
In this study, we found that the formed Hg–Au alloys could
also accelerate the oxidization of o-phenylenediamine by dis-
solved oxygen to produce a uorescent product. We try to use
this phenomenon to develop a uorescent method for sensing
of Hg2+. Compared with Huang's and Chang's work, the method
avoided the addition of extra oxidant, making the sensing
system simpler.
Scheme 1 illustrates the sensing mechanism. In the absence
of polyethylene glycol (PEG) stabilized AuNPs, the oxidization ofScheme 1 Schematic illustration for the ﬂuorescent sensing of mercury(II) using
AuNPs.
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Fig. 2 Fluorescence emission graph of o-phenylenediamine after incubation
with diﬀerent reagents.
Communication Analysto-phenylenediamine by dissolved oxygen is slow. The addition of
Hg2+ to the solution resulted in the oxidization of citrate by Hg2+
and the formation of Hg–Au alloys on AuNP surfaces (see
evidence for formation of gold amalgam in the ESI†),15 which
accelerated the oxidation of o-phenylenediamine by dissolved
oxygen to produce a uorescent product, 2,3-diaminophenazine.
The absorption spectra of AuNPs (8.4  1012 M) in BR
buﬀer in the absence and presence of 1.06 M Hg2+ ions are
shown in Fig. 1. Compared with the absorption spectrum
obtained in the presence of Hg2+ (curve b), the absorption
spectrum obtained in the absence of Hg2+ (curve a) red-shied
slightly and seemed broader, revealing that the AuNPs aggre-
gated slightly. The result is also consistent with what was
reported by Long et al.15 At pH 5.65, some of the acetate and
citrate ions absorbed on AuNP surfaces were neutralized by the
H+, leading to AuNPs aggregated slightly due to the decrease of
the net charge density on the AuNP surfaces. The formation of
the submonolayer of Hg on AuNP surfaces increased the
adsorption of acetate and/or citrate anions on AuNPs,
promoting the stability of AuNPs.16 From these results, we can
also conclude that the AuNPs would aggregate to a certain
degree if the concentration of Hg2+ is much less than 1.0 106
M. Curves c and d show the absorption spectra of PEG stabilized
AuNPs in BR buﬀer solution in the absence and presence of
1.0  106 M Hg2+, respectively. The diﬀerence between these
two curves is negligible. This result indicated that PEG stabi-
lized AuNPs were more stable than citrate-capped AuNPs. It
should be noted here that the addition of PEG to the sensing
system promoted the sensing reproducibility. The relative
standard deviation (RSD) for sensing of 5.0  108 M Hg2+ is
4.7%, which is much less than that obtained in the absence of
PEG (15.6%). The decrease of RSD maybe resulted from the low
aggregation degree of AuNPs.
To conrm that the redox reaction between dissolved oxygen
and o-phenylenediamine was accelerated by the formed Hg–Au
alloys, the uorescence spectra were recorded separately in the
presence of Hg2+, PEG-AuNPs and combination of Hg2+ and
PEG-AuNPs. As shown in Fig. 2, the uorescence intensity in theFig. 1 Absorption spectra of AuNPs in the absence (a and b) and presence (c and
d) of PEG before (a and c) and after (b and d) the addition of 1.06 M Hg2+.
This journal is ª The Royal Society of Chemistry 2013presence of Hg2+ is very low, indicating almost no obvious
reaction between o-phenylenediamine and dissolved oxygen
occurred (curve a). The reaction between o-phenylenediamine
and dissolved oxygen can be catalysed by PEG-AuNPs slightly
(curve b). The addition of 50 nM Hg2+ led to a remarkable
increase in uorescence intensity with the presence of
PEG-AuNPs (curve c), indicating that the redox reaction was
accelerated by the co-eﬀect of PEG-AuNPs and Hg2+. Curve d
demonstrates that the dissolved oxygen was used as an oxidant.
The removal of oxygen by pumping nitrogen into the solution
resulted in a dramatic decrease in uorescence intensity.
It was reported that Cu2+ and Ag+ could oxidize o-phenyl-
enediamine to 2,3-diaminophenazine.17 The standard poten-
tials of Cu2+/Cu and Ag+/Ag are 0.337 and 0.799 V vs. standard
hydrogen electrode (NHE), respectively. We can conclude that
the standard potential of 2,3-diaminophenazine/o-phenylene-
diamine is less than 0.337 V (vs. NHE). The practical potential of
O2/H2O at pH 5.65 is about 0.9 V (vs. NHE) calculated according
to the Nernst equation. Thermodynamically, o-phenylenedi-
amine can be oxidized by dissolved oxygen to produce 2,3-dia-
minophenazine. The oxidation of o-phenylenediamine in the
absence of Hg–Au nanoparticles is very slow due to the high
activation energy. The reaction rate between o-phenylenedi-
amine and oxygen was accelerated by gold amalgam nano-
particles which may be due to the decrease of the reaction
activation energy or the formation of a galvanic cell in which the
dissolved oxygen was reduced and o-phenylenediamine was
oxidized electrochemically.
To estimate the selectivity of such catalytic gold nano-
particles toward Hg2+, 15 other metal ions were also investi-
gated under optimal conditions (pH 5.65, AuNP volume 15 mL,
o-phenylenediamine concentration 2.1 mM, incubation time 25
min, see Fig. S2–S5 in the ESI†), as shown in Fig. 3. Among the
tested metal ions, 5  108 M Hg2+ produced a very strong
uorescence signal. While 20-fold of Ca2+, Mg2+, Zn2+, Cr3+,
Pb2+, Cr(VI), Mn2+, Cd2+, Fe3+, Al3+, Ni2+, 10-fold of Fe2+, Co2+,
5-fold of Cu2+ and the same concentration of Ag+ caused almost
no uorescence signal, indicating that the sensor displayedAnalyst, 2013, 138, 4280–4283 | 4281
Fig. 3 Fluorescence responses to common metal ions at 1.0 mM (besides Hg2+
50 nM, Cu2+ 250 nM, and Ag+ 50 nM) under optimal conditions.
Table 1 The recovery of spiked Hg2+ in local drinking water. The standard
deviation of each sample was obtained by three measurements
Sample Added/nM Found/nM Recovery (%)
Sample 1 20.0 17.9  0.8 89.5  4.1
Sample 2 40.0 37.1  1.1 92.8  2.7
Sample 3 60.0 63.2  0.4 105.3  0.7
Sample 4 80.0 85.2  0.3 106.5  3.3
Sample 5 100.0 97.2  1.6 97.2  1.6
Analyst Communicationexcellent selectivity toward Hg2+. The higher concentration of
Cu2+ and Ag+ caused a relatively strong uorescence response
because o-phenylenediamine could be oxidized by Cu2+ and Ag+
in the presence of nanoparticles.17
Fig. 4 depicts the uorescence analysis of diﬀerent concen-
trations of Hg2+ using the proposed method under optimal
conditions. The uorescence intensity at 562 nm was enhanced
as the Hg2+ concentration increased. This indicated that the
oxidation of o-phenylenediamine was accelerated with the
increase of Hg2+ concentration. The inset in Fig. 4 shows
the relationship between the uorescence intensity at 562 nm
and the Hg2+ concentration. A linear detection range from 5.0 to
100 nM was achieved (linear equation: F ¼ 2886.7C  349). The
detection limit was calculated to be 2.24 nM according to the
3s-rule (where s is the standard deviation of blank solution and
n ¼ 10).
To test the applicability of the probe for Hg2+ detection in
real samples, the probe was applied to the detection of Hg2+ in
drinking water. No Hg2+ was detected in such sample, whichFig. 4 Fluorescence spectra for analysing diﬀerent concentrations of Hg2+ (from
bottom to top): 0, 5.0, 10, 30, 50, 60, 80 and 100 nM. The inset shows the
dependence of ﬂuorescence intensity at 562 nm on the concentration of Hg2+.
4282 | Analyst, 2013, 138, 4280–4283was later veried by ICP-MS. The method was alternatively
tested by standard addition and the recovery of spiked Hg2+
ranged from 89.5 to 106.5 (Table 1). The probe proved to be a
practical and sensitive method for the fast inspection of Hg2+.
In conclusion, we have proposed a novel uorescent method
for sensing of Hg2+ based on formation of catalytic gold nano-
particles automatically. The formed gold amalgam nano-
particles exhibited excellent catalytic property, accelerating the
oxidation of o-phenylenediamine by dissolved oxygen to
produce a uorescent product. Compared with other sensors for
detection of Hg2+, the novel probe possesses several attractive
features: (i) simplicity, because sensing only needs mixing of
o-phenylenediamine, AuNPs and samples before uorescence
detection without addition of extra oxidant;15,16 (ii) low cost,
because expensive reagents, such as DNAzyme,9 DNA,8 and
other high selective recognition molecules,5a,6b are not needed;
(iii) sensitivity, because the detection limit was reduced to
2.0 nM. In addition, the probe was utilized for inspection of
Hg2+ in drinking water and the result indicated that the sensor
could be applied to estimate Hg2+ contaminant in real samples.
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